■ INTRODUCTION
Co-crystals, or multicomponent molecular crystals, 1 include addition compounds, 2 organic molecular complexes, 3 and solidstate complexes. 4 The definition of a co-crystal is a subject of debate. 1, 5, 6 While there is no consensus over the precise definition of what constitutes a co-crystal, a broad generality is that that they are crystalline materials comprising at least two different molecular components. Pharmaceutical co-crystals represent a subset of this broad class, in which at least one of the components is an active pharmaceutical ingredient (API). It is well established that different forms of a given pharmaceutically active compound may have different physical properties, 7 salt formation being one of the common approaches to modifying the physical properties of a drug. However, salt formation is feasible only when the API possesses a suitable ionizable site. In contrast, co-crystal formation exploits the very features that lead to a compound being an API: the presence of functional groups. Moreover the functional groups may allow APIs to exhibit polymorphism, 8 exist as solvates, 9 or form cocrystals. 10 Given the importance of APIs, it is perhaps surprising that only in recent years have crystal engineering concepts been applied to APIs 11−15 to enhance the range of potentially usable forms of a given drug substance.
Crystal engineering can be defined as the rational design of functional molecular solids. 16 The concept was introduced by Pepinsky 17 and applied by Schmidt 18 to organic solid-state photochemical reactions. Thomas et al. 19 in reviewing the reactivity of this category of reaction noted that the reactivity in the solid state is governed by the precise control of molecular orientation and stacking sequences in the crystal structures. This observation paved the way for the further design and synthesis of new solids based on crystal engineering strategies. The basic understanding of crystal engineering concepts is based on analysis of the manner in which molecules are packed in molecular crystals also considered as supermolecules. 20 The crystal structure of any organic compound may be considered to be the result of a series of competing, directional, and predictable interactions between functional groups, giving rise to recognizable structural building units termed supramolecular synthons. 21 Identifying reliable and robust supramolecular synthons is key for effective crystal engineering. Shattock et al. 22 have demonstrated that database mining using the Cambridge Structural Database (CSD) provides valuable information on the occurrence of a particular supramolecular synthon in series of closely related structures, which may be applied to the synthesis of a wide range of co-crystals. The total number of reported co-crystal structures in the CSD remains relatively low (8552 entries, ca. 3.3% of all organic entries) in comparison to the total number of organic structures (254475 entries). 23 Database mining has been shown to be an effective approach to the search for hydrogen-bonded synthons for the construction of organic crystal structures. 24 Paracetamol or acetaminophenol is a widely used analgesic and antipyretic drug that is commonly used for the relief of fever, headaches, and other minor aches and pains. It belongs to a class of drugs known as aniline analgesics. In its crystalline state paracetamol commonly exists in two polymorphic forms. 25 The monoclinic form I (Figure 1a ,b) is considered to be the thermodynamically stable form. Form II which crystallizes in the orthorhombic system ( Figure 1c ) is of interest in formulations because of its superior compression properties compared to that of form I. Although a third polymorph (form III) has been identified, 26 until recently its crystal structure 27 remained elusive. The paracetamol molecule consists of a benzene ring substituted with hydroxyl and acetamide groups in the para (1,4) positions. Both of the structurally characterized forms of paracetamol exhibit a similar pattern of hydrogen bonds involving the phenolic O−H group, which acts an acceptor in N−H···O interactions and as a donor in O−H···OC interactions, to generate in both forms I and II, a two-dimensional network. Using the graph set approach to hydrogen bonding of Bernstein et al. 28 both forms I and II may be described as having C(7) and C(9) motifs. However, the two polymorphs of paracetamol differ in the orientation of the molecules. In form I paracetamol molecules are arranged in a herringbone pattern to form puckered hydrogen-bonded sheets, whereas in form II, they form flat hydrogen-bonded sheets.
In addition to the reported polymorphic forms, a number of research groups have synthesized and characterized several cocrystal/solvate forms of paracetamol. Karki et al. 29 synthesized four co-crystals of paracetamol involving theophylline, oxalic acid, naphthalene, and phenazine as CCFs. They also demonstrated that the co-crystal forms possess better compression properties compared to that of form II. In addition to these pharmaceutically acceptable co-crystals, multicomponent crystalline forms (both two-component co-crystals and solvates) of paracetamol containing N,N-dimethylpiperazine, 4,4′-bipyridine, N-methylmorpholine, morpholine, 1,4,8,11-tetraazacyclotetradecane, 1,4-diazabicyclo[2.2.2]-octane, ethanol, water, piperazine, and 1,4-dioxane as CCFs or solvate have been reported. 30 In all the reported multicomponent crystals of paracetamol the hydrogen bonds involving the donor groups, i.e., the phenolic O−H and the amidic N−H participate in conventional hydrogen bonds through O−H···N/O and N−H···O/N interactions involving acceptors from either the paracetamol molecules or CCFs. Similarly the acceptor groups are involved in O···H−O/N type intermolecular interactions.
If we consider form I, the strongest hydrogen bonds are formed between the phenolic O−H donor and the amide oxygen acceptor (d(H···O) = 1.77 Å), while those between the N−H donor and O−H acceptor are weaker (d(H···O) = 2.00 Å). Therefore, in order to make co-crystals of paracetamol, it is necessary to break these hydrogen bonds and introduce interactions with the CCF that are of comparable strength. In seeking to identify suitable co-crystal formers (CCFs) to promote such interactions, we performed a search of the Cambridge Structural Database (CSD) for molecules containing functional groups that form hydrogen bonds with similar geometrical parameters. The results of this targeted search suggested a series of molecules in which these functional groups are present. These molecules were then screened for co-crystal formation. This led ultimately to the synthesis of the three new co-crystals of paracetamol with trans-1,4-diaminocyclohexane, 1,2-bis(4-pyridyl)ethane, and trans-1,4-di(4-pyridyl)ethylene Crystal Growth & Design (CSD). The search was performed using CSD version 5.33 (November 2011) + 2 updates. The following search criteria were applied: only those organic structures for which three-dimensional structural coordinates have been determined were considered; only those crystal structures for which R ≤ 7.5% were retained in the results of the search; structures which showed evidence of disorder or had been shown to contain errors were excluded, as were those for polymeric species.
All starting materials were obtained from Sigma-Aldrich and were used as obtained. The solvent-drop grinding method 31 was used to screen for co-crystal formation. Stoichiometric amounts of paracetamol and potential CCF were ground together with a mortar and pestle for ca. 5 min following addition of solvent (15 μL of solvent per 50 mg of starting materials). The grinding experiments were performed in seven different solvents, methanol, ethanol, acetonitrile, chloroform, acetone, tetrahydrofuran, and n-propanol, representing a wide range of dielectric constants (4.8−37.5) and containing at least one representative from each of the polar protic, polar aprotic, and nonpolar solvent categories. The resulting solid material was analyzed by powder X-ray diffraction (PXRD). A total of 168 liquid assisted grinding experiments were conducted. The CCFs and solvent systems investigated are presented in Table 1 .
Analysis of the X-ray diffraction data of the polycrystalline materials arising from these solvent drop-grinding experiments revealed that for critical paracetamol/CCF ratios, reflections arising from the starting materials are absent, indicating the presence of new phases, when trans-1,4-diaminocyclohexane, 1,2-bis(4-pyridyl)ethane, and 1,2-di(4-pyridyl)ethylene are used as CCFs. These molecules were subsequently used to prepare single-crystal samples by solvent evaporation methods, using the ratios for which reflections arising from the starting materials were absent from PXRD data. Crystallization experiments were conducted in various combinations of commonly occurring organic solvents; however, only those experiments which led to diffraction quality crystals are detailed below. Single crystals of paracetamol/trans-1,4-diaminocyclohexane (1) were prepared from a solution of paracetamol (302 mg, 2.00 mmol) and trans-1,4-diaminocyclohexane (114 mg, 1.00 mmol) in 3 mL of methanol. The solution was heated for 3 min before being allowed to stand at room temperature. After 4 days colorless crystals of (1) appeared. Pale yellow colored crystals of paracetamol:1,2-di(4-pyridyl)ethylene (2) were obtained by evaporation, over 3 days, of solvent from a solution containing 2 mmol (302 mg) of paracetamol and 1 mmol of 1,2-di(4-pyridyl)ethylene (182 mg) in 5 mL of methanol. A similar method was used for the preparation of paracetamol/1,2-bis(4-pyridyl)ethane (3) from a 1:1 molar ratio of paracetamol (151 mg, 1 mmol)/1,2-bis(4-pyridyl)ethane (184 mg, 1.00 mmol) in 2 mL of dimethyl sulphoxide. Crystals emerged after allowing the solution to stand at room temperature for 5 days.
Polycrystalline materials obtained from the crystallization experiments were analyzed by PXRD and compared with powder diffraction patterns generated from the structures determined by single-crystal methods. Diffraction data for the powders resulting from the use of trans-1,4-diaminocyclohexane and 1,2-bis(4-pyridyl)ethane as CCFs are consistent with a bulk phase of co-crystals (1) and (3) respectively, irrespective of the solvent used. In the case where trans-1,4-di(4-pyridyl)ethylene was used as a CCF the PXRD pattern matches the simulated powder diffraction pattern generated from the single crystal structure of (2) when the solvent of crystallization is methanol. However, the powder diffraction data for products of crystallization experiments in other solvents do not correspond to the simulated pattern of (2) and show a dependence on the solvent used. This may indicate formation of alternative solvated co-crystal phases, although diffraction quality crystals could not be obtained.
PXRD data for the polycrystalline products of screening for CCF formation were collected using a Bruker D8 Discover diffractometer, operating in transmission geometry with Cu Kα radiation (λ = 1.5418 Å) and fitted with a Gobel X-ray focusing mirror and a LynxEye linear detector. Finely ground samples of each of the products of screening were contained in a 96-well plate. Data for each sample were collected over the angular range 4 ≤ 2θ/°≤ 50, counting for 0.25 s at each 0.02019 increment of the detector position.
Single crystal X-ray diffraction data for the co-crystals were collected using a Bruker Nonius X8-Apex2 CCD diffractometer operating with graphite-monochromatized Mo Kα radiation (λ = 0.710173 Å). An Oxford Cryosystems Cryostream was used to cool the crystals to 100 K prior to data collection. Data were processed using the manufacturer's standard routines. 32 The crystal structures were solved by direct methods using the program SHELXS, 33 and subsequent Fourier calculations and least-squares refinements were performed on F using the program CRYSTALS. 34 All non-hydrogen atoms were refined with anisotropic displacement parameters. All hydrogen atoms bonded to the carbon atoms were placed geometrically and refined with the isotropic displacement parameter fixed at 1.5 times U eq of the atoms to which they are attached. Protons involved in hydrogen bonding were located directly via inspection of difference Fourier maps and were refined isotropically.
Infrared spectroscopic data for co-crystals 1−3 were obtained using a Perkin-Elmer 100 ATR spectrometer. Ground crystals of co-crystals 1−3 were placed on the crystal plate of the infrared instrument and the spectrum was recorded in diffuse reflectance geometry. Differential scanning calorimetric data for the samples 1−3 were obtained using a Seiko model DSC-6200 instrument. The samples were weighed into aluminum DSC pans and crimped with a pinhole on the lid. The samples were analyzed over the temperature range 25−280°C, using a heating rate of 10°C. The data were processed using Muse Measurement v. 5.4 (Build 263) software.
Samples for 1 H NMR were dissolved in DMSO-d 6 and spectra obtained using a Bruker 300 MHz spectrometer. The 1 H NMR spectrum was recorded to confirm the API/CCF ratio in the bulk material. 1 
■ RESULTS AND DISCUSSION
A summary of the results of the search of the CSD is presented in Table 2 . The database search was conducted to find complementary co-crystal formers targeting the phenolic OH− group of paracetamol. The results of the CSD search are presented in two categories: raw and refined. The former refers to the search results for a specified functional group(s) including those occurrences where other functional groups may be present, whereas the latter contains those results for which there are no additional functional group(s) in the immediate vicinity of those for which the search was conducted. The CSD search reveals 8009 crystal structures containing at least one phenolic O−H moiety of which 13% exhibit the OH···OH supramolecular homosynthon. However, the remainder of the crystal structures in the search results are dominated by supramolecular heterosynthons. The CSD analysis reveals that of those structures containing a phenolic hydroxyl group together with functional groups such as aromatic nitrogen atoms and amines, 42−52% involve supramolecular heterosynthon formation, even in the presence of other functional groups. In the absence of other hydrogen bond donors or acceptors the percentages rise to 54% and 64% for aromatic nitrogen atoms and amines respectively. The search also reveals that for interactions of phenols with amides, in those cases where homosynthons are observed, the CONH 2 ···CONH 2 homosynthon dominates over the OH···OH homosynthon, in both the raw and refined data. However, heterosynthons involving O−H/amide interactions are predominant in the refined data. For the interactions of phenols with carboxylic acids, OH···OC(OH) supramolecular heterosynthons exhibit 56% reliability in the presence of competing functional groups, which increases to 67% in the absence of competing functional groups, while the analysis of phenol−amine interactions indicates that the OH···NH 2 supramolecular heterosynthon is more common than the OH···OH supramolecular homosynthon. In summary, analysis of the CSD for structures in which there are noncovalent interactions between phenolic and other complementary functional groups reveals a marked preference for supramolecular heterosynthons over supramolecular homosynthons. Taking into account the percentage occurrence of supramolecular heterosynthons observed in the refined searches, molecules containing at least one of the functional groups of aromatic nitrogen group, amides, carbonyl groups, carboxylic acids, and amines were selected as potential cocrystal formers for screening studies ( Table 1) .
PXRD of the solids obtained from the liquid assisted grinding method of screening revealed physical mixtures of starting materials in most cases. In such cases the liquid phase may merely serve as a lubricant, which would be consistent with the lack of any dependence of the nature of the solid product on the choice of solvent. However, the reflections arising from the starting materials were absent when trans-1,4-diaminocyclohexane, 1,2-bis(4-pyridyl)ethane, and 1,2-di(4-pyridyl)-ethylene are used as CCFs. PXRD data for the products of solvent-drop grinding experiments using 1,2-di(4-pyridyl)-ethylene as CCF reveal that while reflections of the starting The following parameters were used as search criteria: 3D coordinates determined, only organic crystal structures with R ≤ 7.5% were included in the search while structures with disorder and errors, and polymeric species were excluded. The search was performed on CSD Version 5.33 (November 2011) +2 updates. The raw search results refer to the specified functional group(s) including occurrences where other groups may be present. The refined search results refer to the specified functional group(s) in the absence of other groups in the immediate vicinity.
Crystal Growth & Design materials are absent regardless of the solvent used, a different solid phase is produced with each solvent. However, it has not been possible to obtain suitable single crystals of these new phases to study the detailed hydrogen bonding arrangement (see Supporting Information for experimental PXRD data). The DSC data of the co-crystals reveal single sharp endotherms at 157.9, 113.1, and 116.6°C for products 1−3 respectively. These endotherms, which correspond to the melting point of the solids, occur at significantly different temperatures to those of paracetamol (168−172°C) or the cocrystal former (trans-1,4-diaminocyclohexane, 68−72°C; trans-1,2-di-(4-pyridyl)-ethylene, 148−152°C; 1,2-bis(4-pyridyl)-ethane, 110−112°C), indicating the formation of co-crystals and not simple physical mixtures. All three co-crystals described here have melting temperatures reduced from that of paracetamol, suggesting that the cohesive energy of co-crystals 1−3 is reduced from that of pure paracetamol form I.
Full crystallographic details for crystal structure determinations of the co-crystals 1−3 are presented in Table 3 . The local coordination and atom numbering scheme for each of the three co-crystals is presented in Figure 3 . Selected bond distances and angles are presented as Supporting Information while geometric parameters of the hydrogen bonds are reported in Table 3 Table 4 ). The neighboring aromatic rings of trans-1,2-di-(4-pyridyl)-ethylene are arranged in a face to face 35 stacking fashion with a slip angle of 18.2°with a centroid to centroid distance of around 3.32 Å. Aromatic interactions of this kind are known to generate supramolecular synthons and have been exploited for co-crystal synthesis. 36 These paired units are then linked through several weak interactions between the 2D networks to stabilize the cocrystal to extend into the third dimension.
The asymmetric unit of the co-crystal (3) consists of four independent molecules, two each of paracetamol and the cocrystal former 1,2-bis(4-pyridyl)ethane (Figure 3c ). Analogous to co-crystals (1) and (2) the phenolic −OH and amidic −NH of paracetamol are involved in hydrogen bonding. While in cocrystals (1) and (2) it is only the phenolic −OH that is hydrogen bonded to the CCF, here the amidic N−H is also hydrogen bonded to the CCF. However, the carbonyl groups of paracetamol are not involved in conventional hydrogen bonds but participate in weak C−H···O interactions between molecules related by an inversion center. The paracetamol molecules are linked to two 1,2-bis(4-pyridyl)ethane molecules, through O(1)−H(1)···N (4) and N(6)−H(6)···N(3) interac- (Table 3 ). This produces two crystallographicallydistinct stepped chains of molecules ( Figure 6 ). The CH 2 groups in one of the crystallographically independent 1,2-bis(4-pyridyl)ethane molecules were found to be disordered over two sites and were refined anisotropically with occupancies of 0.47 and 0.53. Several weak C−H···O interactions between these one-dimensional chains extend the structure into a threedimensional structure. The paracetamol molecule contains two hydrogen bond donors; the phenolic O−H and the amidic N−H groups and two acceptors; the amidic and phenolic oxygen atoms. A reasonable expectation would be for the strongest hydrogen bonds to be formed between the best donor and best acceptor. During co-crystal formation the donors and acceptors of paracetamol are in competition with those of the co-crystal former and the structure adopted is that which optimizes the donor−acceptor interactions in the co-crystal. Geometric parameters of the hydrogen bonds in co-crystals 1−3 are presented in Table 3 . The strong O−H···OC interactions (d(D···A) = 2.66 Å) present in paracetamol are absent in the co-crystals. However, they are replaced by O−H···N interactions which operate over a similar distance and are therefore of comparable strength. This is supported by the similarity in the contraction of the H···A van der Waals' cutoff and red shift of the ν(D-H) stretching frequencies (vide infra). The geometric and spectroscopic data are consistent with the strongest hydrogen bonds in the co-crystals resulting from these O−H···N interactions. Consistent with the suggestions of Etter 37 all of the remaining proton donors and acceptors also participate in hydrogen bond formation, as evidenced in all three co-crystals by the N−H···OC interactions between paracetamol molecules, which are of similar strength to those in paracetamol itself. Co-crystal (2) has additional hydrogen bonds N−H···O and O−H···OC due to the incorporation of solvent molecules. This suggests a hierarchy of hydrogen bonds in the co-crystals 1−3 which is in accord with the empirical rules proposed by Etter.
37
Complexes with hydrogen bonds are stabilized by electrostatic, polarization, induction, and dispersion energy terms. From an electrostatic viewpoint, the interaction may be considered to have contributions from interactions between monopoles, dipoles, quadrupoles, etc., each of which has a different characteristic cutoff in terms of distance. One common means of assigning the character of the hydrogen bond is the contraction, with respect to the sum of the van der Waals' radii, of the H···A distance. Proton-centered hydrogen bonds typically exhibit a contraction of between 40 and 55% of the sum of the van der Waals' radii. 38 In co-crystals 1−3 the van der Waals' cutoff contraction lies between 20 and 40% (Table  3) , which suggests these hydrogen bonds may be classed as being of moderate strength 38 in which the electrostatic interaction terms are dominant. It has been empirically established that hydrogen bonds become increasingly linear with increasing strength, as linearity optimizes the electrostatic component (dipole−monopole, dipole−dipole) of the interaction. The electrostatic contribution to the intermolecular interaction tends to dominate and imparts directionality on hydrogen bonds. This is particularly significant in short and proton-centered hydrogen-bonds, whose typical angular range is 160 ≤ θ/°≤ 180, but also applies to longer bonds of electrostatic nature. According to Reed et al., 39 charge transfer between donor and acceptor groups has a strong influence on the geometrical and spectral properties of the co-crystals. In particular, in a D−H···A hydrogen bond there is charge transfer from lone pairs or π-molecular orbitals of the electron donor (proton acceptor) to the antibonding orbitals of the D−H bond of the electron acceptor (proton donor). An increase of electron density in the antibonding orbitals elongates the D−H bond, which causes the red-shift of the D-H stretching frequency. Therefore charge transfer and hence hydrogenbond formation may be inferred from comparison of characteristic vibrational frequencies of a free R-D-H group with that of the same group in the presence of a hydrogen bond acceptor. The characteristic vibrational frequencies of the three co-crystals 1−3 and of crystalline paracetamol form I may be compared with those observed in the gas phase infrared spectrum of paracetamol (Table 5 ). The frequencies of the ν(O−H), ν(N−H), and ν(CO) stretching vibrations in cocrystals 1−3 and in paracetamol form I are red-shifted by up to 16% relative to the equivalent vibrations in the gas-phase spectrum of paracetamol. From the crystal structure determination, it can be deduced that the lone pair of the nitrogen atom of each of the co-crystal formers is aligned along the axis of the O−H bond of the hydroxyl group of paracetamol, thereby facilitating charge transfer between the donor and acceptor pair. Therefore, we conclude that both electrostatic and charge transfer terms influence the directional behavior of the hydrogen bonds in co-crystals 1−3.
In all three co-crystals presented here, the structural and spectroscopic data indicate that the hydrogen bonds formed between the API and the CCF are of comparable strength to those originally present in the API. All three co-crystals studied here have the same, i.e., O−H···N supramolecular heterosynthon between the API and CCF. However in structure (3) in addition to the O−H···N there is a N−H···N supramolecular interaction observed between the API and CCF. Our investigations show that difunctional CCFs, able to form chain-like structural motifs through distinct hydrogen bonds, are necessary for co-crystal formation with paracetamol. This is in accordance with previously reported CCFs in multicomponent crystalline forms of paracetamol. Although CSD analysis suggests carboxylic acids and amides as potential cocrystal formers, our experiments demonstrate that they are not effective for paracetamol. This may be due to the selfcomplementary hydrogen bonding nature of these functional groups, which favors homosynthon formation. A hierarchical arrangement between the best donor of paracetamol to the best acceptor in CCF is observed in all the co-crystals presented here and is indeed observed in almost all of the previously reported co-crystal forms of paracetamol. Of the reported cocrystals of paracetamol, only those involving theophylline and bipyridine 29 do not follow the hierarchical arrangement of hydrogen bonding. In the case of the paracetamol-bipyridine co-crystal, strong π−π interactions (at a distance of ca. 3.4 Å) between the pyridine moieties of bipyridine stabilize the crystal structure in co-operation with the hydrogen bonds. In the case of the paracetamol-theophylline co-crystal, the best acceptor of theophylline, the imidazole nitrogen atom, does not participate in conventional hydrogen bonds. The two molecules are arranged such that they form flat hydrogen bonded sheets.
A generally accepted guideline 40 is that proton transfer will occur from an acid to a base when the difference in pK a (where ΔpK a refers to the difference between the pK a value of a protonated base and that of the acid) is >3.5, and a neutral cocrystal will form when the ΔpK a < 0. A co-crystal to salt continuum 30d exists between 0 ≤ ΔpK a ≤ 3.5. The ambiguity in this range of ΔpK a values may be a problem when applying crystal engineering principles to co-crystal formation, as the charge separation resulting from salt formation leads to the dominance of electrostatic interactions over the noncovalent interactions, on which crystal engineering is based. Moreover, the prediction of the degree of proton transfer in the solid-state form based on the pK a difference remains imprecise and may also show variations with the solvent of crystallization. Calculated pK a values 41 of the CCFs used in this work indicate that neither the amine nor pyridyl CCFs investigated are sufficiently basic to form a salt with paracetamol through complete proton transfer. Calculated values ΔpK a of <0 are thus consistent with the formation of a neutral complex.
■ CONCLUSIONS
Analysis of structural data in the Cambridge Structural Database resulted in the identification of a range of potential co-crystal formers compatible with paracetamol. Subsequent screening using solvent-drop grinding in conjunction with highthroughput PXRD led to the discovery of three new co-crystals of paracetamol. All the three co-crystals presented here utilize the O−H···N supramolecular heterosynthon. The ability of phenols to form this heterosynthon is consistent with the results of the analysis of the structural database, suggesting the approach may be applicable to a wider range of phenol derivatives. Comparison of the geometric and spectroscopic parameters of the hydrogen-bonds in co-crystals 1−3 with those for paracetamol reveals that they are of similar strength, irrespective of the chemical identity of the synthon. The study shows that a balance between the retrosynthetic approach (synthon method) and database screening of supramolecular synthons provides a useful approach to the targeted synthesis.
■ ASSOCIATED CONTENT
* S Supporting Information
Crystallographic information files, CSD search details, DSC, NMR and IR spectra, powder diffraction patterns of screening experiments using trans-1,2-di-(4-pyridyl)-ethylene as CCF, comparison plot between single crystal simulated and bulk powder patterns, calculated pK a values of paracetamol and CCFs. This information is available free of charge via the Internet at http://pubs.acs.org/.
